Existing technologies for conventional high-efficient solar cells consist of vacuum-processed, high cost, sophisticated, and potentially hazardous techniques (POCl 3 diffusion, SiNx deposition, etc.) during crystalline silicon solar cell manufacturing. Alternative research studies of non-vacuum and cost-efficient processes for crystalline silicon solar cells are in continuous demand. However, there is not a well understanding of utilizing schemes and the achievable performances for such applications and techniques in solar cell fabrication. This chapter addresses the non-vacuum processes and applications for crystalline silicon solar cells. Such processes including spin coating and screen-printing phosphorus and boron diffusions for the formation of n+ and p+ emitter or back surface fields, spin coating and spray-deposited antireflection coatings for silicon solar cells. Application techniques were explained by combining and comparing experimental results with the calculation and simulations. Consequently, the aim of this chapter is to provide a good understanding of the non-vacuum processes for crystalline solar cells both with simulation and with experimental proves.
Introduction
Solar energy is one of the most interesting and practical alternative source of energy against the conventional fossil fuels. Crystalline silicon-based solar cells are dominant by far in photovoltaic industry and shares about 90% solar cell production worldwide. Low cost is still one of the main interests for the photovoltaic industry while stabilizing high conversion efficiency. Utilized materials and processing techniques are the major components that need to Possibility of in-line processing for dopant sources to form semiconductor junctions, low energy consumption, simplicity, and low cost are the main advantages of SOD. For most of the SOD sources, low viscosity leads to homogeneous coatings even on textured samples but optimizations are usually necessary for a specific task. Depending on the SOD sources even storing in a refrigerator might be required, warming up to room temperature is usually necessary before the deposition process.
Screen-printing technique
Screen-printing is a fast, reliable, and cost effective technology which is used mainly for metallization purposes for silicon solar cell industry. The quality of the printing depends mainly on the parameters including the quality of printing mask, viscosity of the paste, snap-off distance, squeegee speed, scrapper pressure, squeegee pressure, and squeegee angle to the mask. For printing process, paste is forced through the openings of the emulsion layer onto the surface of the wafer. The printing mask consists of a frame that holds a stretched fabric with a photo stencil attached to the mesh with the required design of the grid pattern. That allows the transference of a diffusion ink or paste through a screen in a designed pattern on a silicon substrate located below and aligned with the pattern to be transferred as described in Figure 2 .
The distance between the designed mask and the solar cell surface is called "snap-off" distance. It concerns with the vertical printing properties and by changing the snap-off distance, the pressure on the mask can be changed. The printing speed is also an important parameter and should be adjusted for each printing task because it affects the printed thickness/amount of the paste and the quality of the printing. Due to the increased applied force with increased printing speed, the print through process becomes easier. In order to achieve high throughput rates, a fast printing speed is required. Because the squeegee is the tool which contacts
Antireflection coating films for low-cost solar cells
In conventional crystalline silicon solar cells micrometer scale alkaline or acidic surface texturing is the primary method for light trapping into the solar cell. Additionally, antireflection coatings (ARC) are used to reduce the reflectivity. Various material and thin films have been used for ARC purposes including SiO 2 , SiN x , TiO 2 , Al 2 O 3 thin films, etc. SiN x is the chief ARC film in conventional silicon solar cells industry with very good antireflective properties [2, 3] . SiN x and its stack layers (e.g., SiN x /SiO x ) are also used for passivation effect which leads higher carrier lifetimes [3] . These films are deposited by well-known plasma-enhanced chemical vapor deposition (PECVD) technique [4, 5] which has drawbacks including the need of toxic and hazardous gases such as SiH 4 and NH 3 with vacuum processing for CVD operation and considerably high costs. In order to meet industrial requirements with simple low-cost technologies with high throughput, cost-effective methods such as spin coating and spray deposition techniques are required to be investigated for crystalline silicon solar cell fabrication. Primarily, TiO 2 with good optical characteristics, found to be an attractive antireflection coating for solar cells [6, 7] . A considerable amount of literature has been published on sol-gel processes for silicon solar cells including TiO 2 , TiO 2 -SiO 2 [6, 7] and some Al 2 O 3 -based Ti doped mixed solgel sources as well have been introduced [8, 9] . On the other hand, ZrO 2 can be considered as a promising material for an antireflection coating of solar cells with high refractive index and thermal strength [10] . However, more research and analysis are needed to carry out for better understanding of this kind of material for adapting to the solar cell manufacturing.
Spin coating ZrO 2 film and TiO 2 films for ARC

Material optimization
In case of spin coating applications, development of spin coated material for a quality application while keeping desired electrical properties in a high-quality level is crucial for applications. Generally, nanoparticle processing makes it possible to utilize the solution processes for solar cells. Proper control of the material compositions and the applicability of low temperature processes are the main advantages. Investigating such kind of broad range of possibility of material and processes is important for solar cell manufacturing in terms of new material development, enhancement of the properties of a designed solar cell, especially the absorption of photons, and for cost reduction as well. This study consists investigation of colloidal suspension of ZrO 2 nanoparticles in water (ZR-30AH, provided by Nissan Chemical Industry Co. Ltd.), surface-modified colloidal suspension of TiO 2 nanoparticles in water (nanoUSE-Ti, Nissan Chemical Industry Co. Ltd.), and diluted TiO 2 nanoparticles (PST-18NR, provided by JGC Catalysts and Chemicals Ltd.). The average diameter of particles and the rate of solid components of ZrO 2 nanoparticles, surface-deactivated TiO 2 -nanoparticles and TiO 2 -nanoparticles are 50 nm (30 wt%), 13 nm (30 wt%), and 18 nm (17 wt%), respectively. Transmission electron microscopy (TEM) images of each nanoparticle were given in Figure 4 .
Solutions for composite films were prepared by mixing one of the nanoparticles with ethanol and organic polymer of ethyl cellulose. For the preparation of ethyl cellulose, mixture of E0265 and E0266 (provided by Tokyo Chemical Industry Co. Ltd.) [11] was used. 50 g of E0265 and 50 g of E0266 were dissolved in 1 L of ethanol prior to mixing.
When solution process materials are aimed to be used for a specific purpose, the adaptation of the material for the process while achieving a quality physical and electrical properties are crucial. Considering the solar cell manufacturing process, textured surfaces are common for a solar cell to improve light trapping. Therefore, an ARC film needs to be applied smoothly to such surfaces for better spectral response. The nanoparticle-polymer composite layers formed on flat or alkaline textured crystalline silicon (c-Si) substrates and evaluation of the coating films were carried out as an antireflection coating (ARC) films. Based on this consideration, zirconium bare solution was formed by spinning on the surface of the textured wafer without any additives with spin speed of 4000 rpm for 20 s (acceleration time is 4 s). Between the textured pyramids detrimental cracks were observed after drying, as shown in Figure 5 (a). These cracks need to be avoided to form a quality film. A mixed solution with ethanol was used [11] in a volume of 1:1; however, cracks could not be avoided totally. A total crack-free forming of the films was achieved by using of ethyl cellulose [11] .
The ratio of the mixture was adjusted to 1:32:2 (in volume) of ethyl cellulose, ethanol, and zirconium sol, respectively. Ethyl cellulose is a well-known and widely used polymer with good material properties which is suitable to utilize for quality films [12] . It dissolves well in ethanol that is crucial in this study [12] . Spin coating conditions was similar with that of previous experiments which were without ethyl cellulose. As shown in Figure 5 (d), quality film with smooth surface could be achieved with ethyl cellulose included solution. (This solution is used for the rest of the study of ZrO 2 -P composite films). The crack-free surface may be due to the contribution of ethyl cellulose in terms of elasticity of the film. As well as the good light permeability of the ethyl cellulose is a great advantage when using for ARC materials where the transparency is so important.
As another alternative solution-processed ARC material, TiO 2 was also investigated and adapted to solar cell processing. Similar optimizations were carried out for TiO 2 solution as that of previously explained for ZrO 2 solution. TiO 2 solution was mixed with various amount of ethanol and surface condition of textured silicon was examined. 2, 4, 6, or 8 mL of ethanol mixed into 1 mL TiO 2 solution (spin speed of 5000 rpm for 25 s). It was confirmed that TiO 2 solution mixed with 8 mL of ethanol combination provided crack-free surface as shown in 
Sample preparation and characterization of thin films
Square-shaped p-type Si wafers (25 × 25 mm 2 ) were cut out from 6-inch CZ-Si p-type wafers for optical-based experiments. First, wafers were dipped into 20% HF for 1 min and soaked in ionized water. Then, UV/O 3 cleaning was carried out to achieve a completely cleaned surface. Optimizations of spin coating process were carried out with various spin speed-time profiles. After optimizations, 5000 rpm for 25 s with acceleration of 5 s found to be optimum in most cases for this work. After the deposition of the films by spin coating, annealing was carried out 125°C for 5 min. Scanning electron microscope (SEM) measurements (JSM-6510, JEOL), Figure 5 . SEM surface images of antireflection coating on textured Si surface formed by ZrO 2 sol (with various amount of ethanol or ethylcellulose in 1 mL ZrO 2 sol); (a) pure ZrO 2 sol without ethanol or ethyl cellulose, (b) with 1 mL ethanol, (c) with 9 mL ethanol, and (d) with 8 mL ethanol + 0.25 mL, 10% ethyl cellulose solution in ethanol [11] . reflection analysis (Lambda 750 UV/VIS Spectrometer, Perkin Elmer) and ellipsometer measurements (UviselErAgms-nds, Horiba Jobin Yvon) were mainly used for the analysis. C-Si solar cells were fabricated and analyzed as well.
Applied spin speed for thin film formation is important for a homogeneous formation of the thin film. The control of the film thickness is mainly established by the spin speed for spin coating applications. Reflection spectrometry is used for absorption, reflectivity, and transmission analysis which measures the absorbed portion of the photons as a function of wavelength. In case of an ARC material for silicon solar cells, it is important to analyze the characteristics of the ARC film by comparing the reflection on bare flat silicon surface, on bare textured silicon surface and such structured surfaces with applied ARC film. Figure 7 (a) compares the reflectivity of flat silicon substrates with and without ZrO 2 -P layer coated on the surface with spin speed of 1000-4000 rpm for 20 s (acceleration time is 4 s). The lowest average reflectance (the Figure 6 . SEM surface images of antireflection coating on Si surface formed by surface-eliminated TiO 2 sol (various amount of ethanol in 1 mL TiO 2 sol); (a) with 2 mL ethanol, (b) with 4 mL ethanol, (c) with 6 mL ethanol, and (d) with 8 mL ethanol. The circles indicate the position of cracks [11] .
reflectance average between the wavelengths of 300-1100 nm) of 28% was achieved by ZrO 2 coating with a spin speed of 1000 rpm, a steady reflectance tendency from wavelength of around 700-1000 nm can also be confirmed. Considering the reflection of bare silicon surface as 40%, decrease of surface reflection down to 28% owing to the formed ZrO 2 film on the flat silicon surface, can be confirmed.
The reflectivity of textured silicon wafers covered by ZrO 2 -P composite film including different amount of ethanol from 6 to 10 mL in the solution, was measured. Average reflectance of 6.5% was observed as the lowest value, when film formed with 0.5 mL zirconium solution (5.71%vl) + 0.25 mL ethyl cellulose (2.85%vl) + 8 mL (91.4%vl) combined solution. Figure 7 (b) shows the reflectance dependence of alkaline textured silicon substrates coated with ZrO 2 -P composite film for spin speed in a range of 500-3000 rpm. Decrease of reflectance can be confirmed when increasing spin speed. Average reflectance reaches below 7% at spin speeds of 1500 rpm. Similar optimizations were performed for the films coated by SD-TiO 2 solution, both on flat or textured silicon substrates. Amount of ethanol was changed from 4 to 10 mL, in 1 mL SD-TiO 2 solution + 0.1 mL ethyl cellulose mixture. First, the mixed solution was formed on flat silicon surface by spin coating and annealing was carried out at 125°C for 5 min on a hot plate. In Table 1 , the average reflectance of flat silicon surface coated with surface deactivated TiO 2 -ethylcellulose film is summarized for each amount of ethanol in the solution.
Films formed with precursor solution contains 8 mL of ethanol provides the lowest average reflectances. Average reflectances of 19.92 and 20.04% were observed when the films were formed by for spin speed of 5000 and 8000 rpm, respectively. The reflectivity of textured silicon surface coated with SD-TiO 2 -P film by varying the amount of ethanol from 4 to 10 mL, is Figure 7 . Reflectance spectra of flat surface silicon substrate with ZrO 2 -polymer composite ARC; (a) by changing the spin-coat rotating speed and (b) reflectance of texture surface silicon substrate with ZrO 2 -polymer composite ARC by changing the spin-coat rotating speed [11] .
given in Figure 8 . Similarly as on flat silicon surface, the lowest average reflectance of 5.6% was achieved with the precursor contains 8 mL of ethanol.
Simulation and formation of ZrO 2 -polymer/surface-passivated TiO 2 -polymer composite multilayer film
Due to the difference on reflection of ambients and materials, photons come toward to surface of a solar cell experience three basic phenomenon: reflection, absorption, and transmission. In order to improve the efficiency of solar cells reflection must be minimized while absorption is maximized. It is known that multilayer structure of ARCs based on the gradual increase of each layer in the structure reflectance can be reduced significantly [13] . According to this fact, 〈air/ZrO 2 -polymer/surface-passivated TiO 2 -polymer/Si〉 multilayer structure was built with gradual of refractive indexes sequential order, as in n air < n ZrO2-polymer < n TiO2-polymer < n silicon . Figure 8 . Reflectance spectra of textured silicon surface with surface-deactivated TiO 2 -polymer antireflection coating [11] .
Speeds
EtOH (mL) The volume of surface-deactivated TiO 2 -sol was 1 mL [11] . Refractive indexes and extinction coefficients of ZrO 2 -P and SD-TiO 2 -P composite layers were achieved via fitting of ellipsometry measurements [11] as can be seen in Figure 9 (a) and (b), where the refractive indexes of air and silicon are 1 and 4.3, respectively.
Only the absorbed photons can contribute on generation of electron-hole pairs where the reflected or transmitted photons are considered as energy loss. As the absorbed portion of total photons increases, the electrons moving to the conduction band increase thus contributes to the short-circuit current density (J sc ). Based on this basic fact, measured absorptionreflection spectra can be used to estimate J sc . In order to determine this estimation Fresnel approach can be used. Fresnel equations describe the reflection and transmission behavior of photons regarding to a multilayer medium with different refractive indices [14] . Considering the refractive index, thickness of each layer and the transmission characteristics of a multilayer stack, it can be reduced down to a single imaginary layer by using Fresnel approach.
Follows a simulation study for the 〈air/ZrO 2 -polymer (ZrO 2 -P)/surface-deactivated TiO 2 -polymer (SD-TiO 2 -P)/Si〉 structure in order to estimate the short-circuit current density (J sc ). Thickness of the ZrO 2 -P and SD-TiO 2 -P composite layers were changed from 10 to 100 nm, and "incident photon to current conversion efficiency (IPCE)" was set to 100% for the calculation for the sake of achieving a comparable data. Eq. (1) was used to calculate J sc to estimate optimum thicknesses of ZrO 2 -P and SD-TiO 2 -P composite films for a good multilayer ARC film.
where J sc,max is maximum short-circuit current density (mA cm , and λ is to denote wavelength (nm). Calculated J sc values for ZrO 2 -P/SD-TiO 2 -P composite multilayer ARC films are given in Figure 10 , and written down in detail in Table 2 . Figure 9 . Fitting of ellipsometry measurements of (a) nano-colloid ZrO 2 (ZR30-AH)-polymer composite and (b) surfacedeactivated TiO 2 -polymer composite [11] . Table 2 . Estimated short-circuit current density with thickness variations of ZrO 2 -polymer and surface-deactivated TiO 2 -polymer films on flat-surface silicon solar cells [11] . Highest J SC of 40.83 mA cm −2 was confirmed with 〈60 nm ZrO 2 -P/70 nm SD-TiO 2 -P〉 composite multilayer ARC film. In experimental side of this investigation, such a multilayer film experimentally, first SD-TiO 2 -P film was spin coated on the textured silicon surface and annealed at 125°C for 5 min, then the reflectance of the surface was measured. To form and characterize such a multilayer film experimentally, first SD-TiO 2 -P film was spin coated on the textured silicon surface and then annealed at 125°C for 5 min, then the reflectance measurement was carried out. After the reflectance measurement of SD-TiO 2 -P coated surface, ZrO 2 -P film was spin coated on it and annealing was done similarly. Figure 11 presents the comparison of reflectance spectra of ARC films on textured silicon surface of SD-TiO 2 -P or ZrO 2 -P/SD-TiO 2 -P composite. Average reflectance of around 5.5% is achieved owing to the multilayer-structured ARC where the average reflectance of the surface without ARC was 16.3%.
Fabrication of p-type crystalline silicon solar cells
p-type CZ-Si solar cells with surface area of 25 × 25 mm 2 , with/without ZrO 2 -P or SD-TiO 2 -P composite ARC layers and with/without ZrO 2 -P/SD-TiO 2 -P composite multilayer ARC, were fabricated. For textured solar cells, alkaline texturing was carried out [11] based on KOH solution in addition to Alka-Tex (provided by GP Solar) supporting agent at 80°C for 30 min. After the etching, all wafers were rinsed into 20% HF solution and soaked with ionized water. Figure 11 . Reflectance spectra of textured silicon surface without ARC, with surface-deactivated TiO 2 -polymer, ZrO 2 -polymer/surface-deactivated TiO 2 -polymer multilayer ARC [11] .
For further cleaning, RCA cleaning process [15, 16] was carried out using a NH 4 OH/H 2 O 2 / H 2 O (1:1:5 in volume) solution, at 80°C for 10 min. Follows a dip into 20% HF solution, and into HCl/H 2 O 2 /H 2 O (1:1:5 in volume) for 10 min at 80°C for a complete cleaning process. Prior to phosphorus diffusion, back side of the wafers were coated by polysilazane to avoid diffusion of phosphorus on back side. Coating of polysilazane was performed at 1500 rpm for 20 s (two times subsequent), and annealed at 600°C for 60 min in ambient O 2 . POCl 3 diffusion was carried out at drive in temperature of 900°C for 30 min in ambient N 2 . Post diffusion phosphorus silica glass was removed by 10% HF solution and wafers were cleaned in ionized water. Screen-printing Ag and Al was used for front and back contacts, respectively and cofired at 780°C for 1 min. ARC films were formed after the firing step by spin coating at 5000 rpm for 25 s) and annealing was carried out at 125°C for 5 min. For the cells with ZrO 2 -P/SD-TiO 2 -P composite multilayer structure ARC, first SD-TiO 2 -P composite film was deposited and annealed and then ZrO 2 -P composite film was deposited and annealed. The electrical characteristics of the fabricated solar cells with or without ZrO 2 -P composite ARC are summarized in Table 3 .
Best efficiency on flat surface silicon solar cell without ARC was 7.25% with J sc of 24.03 mA cm −2 . After applying ZrO 2 -P composite ARC, conversion efficiency increases up to 9.78% with J sc of 30.22 mA cm −2 due to the formed ARC layer. In case of textured silicon solar cells, the conversion efficiency of solar cells without ZrO 2 -P ARC increases from 10.2 up to 10.9%, where the J sc were 28.74 and 30.62 mA cm −2 , respectively. This change is mainly due to the combined antireflection effect of textured surface and ZrO 2 -P composite ARC layer.
On the other hand, considering the fabricated solar cells with SD-TiO 2 -P ARC and ZrO 2 -P/ SD-TiO 2 -P composite multilayer ARC, improvement of J sc up to 32.44 and 33.00 mA cm −2 can be confirmed comparing to the J sc of those of solar cells without ARC which was 30.93 mA cm −2 , respectively (values are average of three cells). Comparing the average efficiencies of the cells without ARC (11.99%) with those cells with ZrO 2 -P/SD-TiO 2 -P composite multilayer
ARC
Surface structure Jsc (mA cm ) is worthfull. The best cell with ZrO 2 -P/SD-TiO 2 -P composite multilayer ARC is stand alone with the electrical characteristics of; J sc of 31.42 mA cm −2 , V oc of 575 mV, fill factor (FF) of 71.5%, and efficiency of 12.91%. Figure 12 presents the J-V curve comparisons for best cells from each group of Table 3 . From these results, the potential of spin coating ZrO 2 -P, SD-TiO 2 -P ARC and ZrO 2 -P/ SD-TiO 2 -P based ARC on enhancing the optical performance of solar cells could be confirmed which can be a promising ARC candidate for the aim of low-cost silicon solar cells. For further analysis Ref. [11] can be referred.
It is worthy to note that better performances can be achieved especially on V oc and on FF, with using high lifetime high quality wafers, a good bulk passivation and with a proper edge isolation.
Spray deposited TiO 2 and spin coating ZrO 2 films for ARC
In this part, spray deposited compact TiO 2 layer as a single layer ARC and spin-coated ZrO 2 / spray deposited TiO 2 films as a double-layer ARC will be analyzed based on our previous work [17] . A compact TiO 2 film is commonly used for dye synthesized solar cells and perovskite solar cells between the front contact and porous TiO 2 layer to block the electron recombination which boost the current [18, 19] . This phenomena and adaptation of compact TiO 2 film to the silicon solar cells as an ARC will be discussed. 
Sample preparation
p-type silicon wafers (25 × 25 mm 2 ) were cut out from 6-inch CZ-Si p-type wafers for the optical measurements. First, all wafers were dipped into the 20% diluted HF for 1 min and rinsed in distilled water. Afterwards, UV/O 3 surface treatment was carried out for a complete cleaning process. ZrO 2 -polymer composite film was deposited on silicon substrate by spin coating using the zirconium sol (ZR-30AH, provided by Nissan Chemical Industry Co. Ltd., Chiba, Japan). Optimized ZrO 2 solution as explained in title of 3.1.1 composed by ethyl cellulose, ethanol, and ZR-30AH in ratio of 2:16:1 (in volume) was used in this work as well. Deposition of the ZrO 2 film was carried out by spin coating with a spin speed of 1500 rpm for 25 s (acceleration time is 5 s). In case of TiO 2 compact film deposition, spray pyrolysis was utilized and homogenous films were established by spraying precursor solution using a glass atomizer. Prior to spraying process crystalline silicon wafers were set on a conventional hot plate and heated up until the surface temperature of the substrate reaches 450°C. The TiO 2 precursor solution was composed of titanium bis-isopropoxide bis-acetylacetonate (TAA) and ethanol (1:10%vl). Annealing temperature was optimized for TiO 2 as 450 and as 125°C for ZrO 2 , respectively. Analyses were mainly carried out by reflection analysis (by ultravioletvisible spectroscopy, Lambda 750 UV/VIS Spectrometer, Perkin Elmer, Waltham, MA, USA) and ellipsometer (UviselErAgms-nds, Horiba Jobin Yvon, Kyoto, Japan) and finally by the performance of the fabricated silicon solar cells with or without ARC.
Characterization of the films
In order to evaluate the reflectivity performance of single layer TiO 2 -compact film, at first flat surface silicon wafers were used. The thickness of the TiO 2 film was mainly controlled by the spraying amount of TiO 2 precursor solution in a range of 0-12 mL as previously mentioned.
Figure 13 (a)
shows the comparison of the reflectivity of flat samples with or without TiO 2 -compact film on silicon surface. Depending the film thickness, minimum of the reflectance (<2%) shifts toward to the longer wavelengths. A steep decrease before the minimum can be confirmed for all TiO 2 film coated surfaces. The minimum of the reflectance shifts to the wavelengths as high as around 1000 nm for the films coated with 10 and 12 mL TiO 2 precursors due to the thickening of the film. The average reflectivity (the reflectance average between the wavelength of 300-1100 nm) was plotted by changing the spraying amount of the TiO 2 precursor as 0, 2, 4, 6, 8, 10, and 12 mL, respectively (Figure 13 (b) ). A deposition rate of TiO 2 is defined as 10.1 nm mL −1 according to ellipsometry measurements. The lowest average reflectance of 21.41% was achieved by spray-deposited TiO 2 coating with a thickness of 60.6 nm. These values are in a relative agreement of calculated value of 56.8 at the wavelength of 550 nm for the refractive index of TiO 2 as 2.2 [20] . The bottom of reflectance valley shifted to higher wavelength with increasing the solution volume from 2 to 12 mL, gradually which shows the thickness dependence of reflection as well. Using the 8 mL precursor solution, the second valley arouse at the lower wavelength which was close to the valley bottom of 2 mL precursor solution. The second valley at the lower wavelength was also shifted to the larger wavelength with increasing the amount of precursor solution.
In case of reflectivity measurement for ZrO 2 -polymer composite/TiO 2 -compact multilayer, first, TiO 2 -compact single layer was formed and measured, then ZrO 2 -polymer composite was formed on TiO 2 covered surface and remeasured. The comparison of reflectivity of TiO 2 -compact single layer with the ZrO 2 -polymer composite/TiO 2 -compact multilayer formed on textured silicon wafers is given in Figure 14 . The average reflectance was improved further with applying ZrO 2 -polymer composite on the TiO 2 -compact film, offering between 5 and 12% reflectance gain from 300 to 450 nm and a steady lower reflectance tendency from wavelength of around 700-1000 nm can also be confirmed.
Evaluation of the fabricated p-type crystalline silicon solar cells
Silicon solar cells were fabricated with a variety of final surface condition; without ARC on textured surface, with TiO 2 -compact film on textured surface and with ZrO 2 -polymer composite/ TiO 2 -compact multilayer ARC film on textured surface. For the fabrication of silicon solar cells, 25 mm × 25 mm p-type CZ-Si wafers were used as well. In this work, alkaline texturing process, RCA cleaning, UV/O 3 cleaning process, diffusion barrier of polysilazane forming were carried out in a similar way as explained in Section 3.1.4. POCl 3 diffusion was carried out at 930°C for 35 min in ambient N 2 . Post diffusion PSG glass was removed by diluted HF and wafers were cleaned by ionized water. SiO 2 film was formed by thermal oxidation process at temperature of 800°C for 10 min under O 2 gas. Before the metallization process, wafers were set on a hot plate heated at deposition temperature (450°C) and deposition of TiO 2 films were carried out by spray pyrolysis. Then, front and back contacts were formed by screen-printing Ag and Al, respectively. Cofiring was carried out at 780°C for 1 min in an oven. After evaluating the solar (a)( b) Figure 13 . Comparison of the reflectivity of the flat samples with TiO 2 antireflection coatings by various amount TiO 2 precursor solution; (a) reflectance spectra depending to spraying amount and (b) average reflectance (300-1100 nm wavelength) depending to spraying amount [17] .
cells on with a single layer TiO 2 -compact films on the wafer surfaces, ZrO 2 -polymer composite films were deposited on the finished cells and compared to those of the cells without ARC and with single layer TiO 2 -compact films. Deposition of ZrO 2 -polymer composite ARC films were carried out by the annealing step after spin coating process (1000 rpm on flat surface, 1500 rpm on textured surface, 5 s acceleration+25 s, annealing at 125°C, 5 min). ). The electrical characteristics of the cells are summarized in Table 4 .
A total of 70 mV increase of V oc of the cells with ARC can be confirmed. Though, SiO 2 film was formed by thermal oxidation process at temperature of 800°C for 10 min under O 2 gas, the photovoltaic results with/without SiO 2 layer have not been compared in this study. Hence, the increase of V oc is due to the compact TiO 2 layer, which can prevent excessive fire though of Ag into p-n junction. The greater FF of the cells with ARC layer can be attributed to the lower contact resistances in which the effect of additional SiO 2 layer can be considerable in order to avoid internal shunts. J-V characteristics of the silicon solar cells fabricated with TiO 2 -compact single layer and ZrO 2 -polymer composite/TiO 2 -compact multilayer ARC on surface of the cells is given in Figure 15 .
One can conclude that a significant improvement on J SC and η could be confirmed owing to the ZrO 2 -polymer composite/TiO 2 -compact multilayer ARC when compared to the textured cells without ARC. The increase of the J SC was related to minimizing the reflectance loses which can boost the performance of the cell. These results suggest that ZrO 2 /TiO 2 -based multilayer ARC films formed by spray pyrolysis deposition technique and spin coating technique could be an attractive alternative as a low-cost, simple, and vacuum-less process for ARC coating for silicon solar cells. Cz-Si p-type wafers were used. All wafers were cleaned in 20% HF solution and soaked in ionized water. Then, UV/O 3 cleaning was applied in order to achieve a complete clean surface without mobile ions. Deposition of TiO 2 and Al 2 O 3 films were established by spray pyrolysis. Prior to spraying process crystalline silicon wafers were set on a conventional hot plate and heated up until the surface temperature of the substrate reaches 450°C. The TiO 2 precursor solution was composed of titanium bis-isopropoxide bis-acetylacetonate (TAA) and ethanol (1:
Spray deposited TiO
10%vl). The Al 2 O 3 precursor solution was 0.03 M of aluminum (III) acetylacetonate (Al(acac) 3 ) in ethanol solution. Deposited film thicknesses were mainly controlled by the amount of sprayed precursor solutions. Each layer was analyzed by ellipsometer (Uvisel ErAgms-nds, Horiba Jobin Yvon).
Characterization of the films
At first, in order to analyze and optimize TiO 2 and Al 2 O 3 spray on deposited layers for the processing of Al 2 O 3 /TiO 2 double-layer film, single-layer TiO 2 and Al 2 O 3 films were analyzed. In depth analysis was carried out with fitting models of "flat layer" as the main body of the coated layer and "rough layer" as the surface residue when depositing a spraydeposited TiO 2 and Al 2 O 3 films [21] and fitted according to the real SEM images. As an optimum value of 60 mL TiO 2 and 100 mL Al 2 O 3 precursor solutions were considered. The analysis was carried out improved by considering the "void" and "organic" parts in the models. The existence of the organics and their contributions were confirmed by the FTIR measurements and by modeling [21] . For the optimization process of 〈Al 2 O 3 /TiO 2 〉 doublelayer, thickness of TiO 2 film was varied between 20 and 120 nm (precursor solution 2-12 mL) while the thickness of Al 2 O 3 film was changed from 68 to 135 nm (precursor solution 75-150 mL). After the reflectance measurements of the cells with ARC, the maximal short-circuit current densities from the reflectance results were calculated using Eq. (1) in order to observe the optimum Al 2 O 3 and TiO 2 film thicknesses to obtain efficient Al 2 O 3 /TiO 2 double-layer ARC film. Figure 16 presents the short-circuit current density (J sc,max ) calculated by (Eq. (1)) using experimental reflectance spectra of silicon substrate with Al 2 O 3 /TiO 2 ARC film for various thicknesses of Al 2 O 3 and TiO 2 films. According to the calculations using experimental absorption spectra, the maximum value of short-circuit current density (J sc,max ) of 38.9 mA cm −2 was achieved with 90 nm Al 2 O 3 /40 nm TiO 2 double-layer ARC film (the data was not shown in the manuscript). Based on the experimental founding, 90 nm Al 2 O 3 /40 nm TiO 2 double-layer ARC film was applied when fabricating silicon solar cells which will be explained in following section. Comparison of reflectance of silicon surface with/without ARC and/or with/without texturing is given in Figure 17 . As known texturing of silicon surface have a significant effect on reducing the reflectivity, as also proved in this study by the decrease of reflectance from 40 to around 20% after texturing. Considering the surface condition of a silicon substrate, reflectivity of 20.1 and 9.71% were observed on flat and textured surfaces, respectively. The effect of texturing on J SC can be expected [22] . Owing to the double-layer ARC film the reflectivity was decreased down to the minimum of 0.4% at around 600 nm. 
Non-Vacuum Process for Production of Crystalline Silicon Solar Cells
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Solar cell fabrication
Electrical characteristics of fabricated solar cells with various surface structure and ARC film were given in Figure 18 , and summarized in The ARC effect on the cells can be seen by the increase of J SC (Figure 18 (a) ) and can be confirmed by the EQE coverage over the spectrum (Figure 18 (b) ). The suppression of EQE below 400 nm may be attributed to the absorption of TiO 2 layer. The ripples on EQE in the range of 500-1000 nm may take attention which is similar for all measurements at the same measurement points, can be considered as non-significant measurement errors. The decrease of open circuit voltage was attributed to the degradation of carrier lifetime of the bulk due to the over-annealing (>350°C) [23, 24] . In order to avoid this deterioration, an additional ultrathin passivation layer-like silicon dioxide may be formed between silicon substrate and TiO 2 layer to boost open circuit voltage. A J SC calculation was performed for single layer of TiO 2 and SiN x with theoretical reflectance and (Eq. (1) which is above these values. In some references, also, the advantage of double-layer ARC was shown with low reflectance less than single layer ARC [25] [26] [27] [28] . Moreover, another advantage of TiO 2 /Al 2 O 3 is the non-vacuum spray pyrolysis deposition, which can realize the lower cost production system than batch vacuum process like a SiN x in terms of installation and running costs [29] .
Screen-printing phosphorus diffusion for low-cost solar cells
A range of methods are in use to form n+ emitters or back surface fields for p-type silicon solar cells. Phosphorus oxychloride (POCl 3 ) is the main technique in the industry, while there are other alternatives as orthophosphoric acid (H 3 PO 4 ) by spray or liquid sources by spin-on deposition techniques. Some have industrial application difficulties, high process cost, difficulty in wafers handling, or feasibility for batch or inline diffusion processes. Considering these techniques, screen-printing is a well-known and appealing technique with the advantages of low-cost, simplicity, both inline or batch mode diffusion possibility and industrial availability. In this study, screen-printing phosphorus diffusion is presented as an alternative to conventional dopant deposition techniques. Special attention was given to the impact of diffusion time, temperature variation, or the ambient gas effect during diffusion on the quality of screen-printed phosphorus diffusions on mc-and CZ-Si wafers. Diffusion tube with a gas input and output gates at the head and the end of the tube were used by changing the ambient during the diffusion process. By applying such a diffusion process we aimed to use the ambient effectively on diffusion process and adding to the diffusion time, diffusion temperature, the effect of ambient gas was also investigated.
Phosphorus oxychloride diffusion
Phosphorus diffusion using POCl 3 (phosphorus oxychloride) liquid source bubbled by N 2 is the dominant diffusion n+ emitter forming in silicon solar cell manufacturing process. Overall diffusion process occurs in two main steps: predeposition and drive-in. During predeposition, liquid POCl 3 source bubbled by N 2 gas flow and, evaporated source go through the chamber to react externally introduced O 2 . This reaction takes place according to Eq. (2) in order to form P 2 O 5 on the surface of wafers while Cl 2 is aired out during the reaction. The schematics of the POCl 3 diffusion process can be seen in Figure 19 . The average data and the errors have been calculated using three different samples [21] . Table 5 . Average data of photovoltaic characteristics of fabricated Si solar cells with various surface structures with/ without surface texturing and antireflection coating (ARC).
After predeposition step, POCl 3 source is halted and drive-in process starts to take place via the deposited phosphorus rich layer on the surface. During the drive-in step, diffusion of phosphorus atoms into silicon occurs through the reduction of P 2 O 5 by silicon according to Eq. (3).
Generally, predeposition step is applied at lower temperatures than the drive-in step where the formation of diffused phosphorus layer establishes when the drive-in comes up. The surface concentration of diffused layer is controlled by increasing the O 2 gas flow during the drive-in process.
In silicon solar cell manufacturing process, wafers are stacked vertically in a boat in a furnace as in Figure 19 prior to POCl 3 diffusion. If the wafers are set in order one by one, both side of wafers achieved similar diffusion of phosphorus. By that, gettering of impurities in silicon can also accomplish owing to the advantage of two side diffusion. However, back-to-back setting order also widely used for manufacturing in order to diffuse as much samples in a single process. One of the disadvantages of the POCl 3 diffusion system is that the same amount of source has to be used even for small size wafers because of the batch nature of the system. Additionally, long ramp-up and ramp-down cycles may be required which leads to time consumption even though the independent control of the predeposition and drive-in steps is an advantage.
Screen-printing phosphorus diffusion
As explained under Section 2.2, screen-printing is a fast, reliable and cost effective technology which is mainly used for metallization purposes for silicon solar cell industry. Screen-printable dopant sources are also introduced to the photovoltaic industry and are under research. As an attractive technology to deposit dopant sources on the surface of the substrates makes inline diffusion process possible to form dopant-diffused layers. After the deposition, diffusion process is usually performed by using either belt furnaces or quartz tube at high temperatures. Applied dopant paste usually is needed to be dried before the thermal annealing. Similarly, to the other diffusion techniques, after the deposition of the dopant paste by screen-printing, phosphorus atoms are released from the dried paste during the diffusion according to reduction of P 2 O 5 , as given in Eq. (3). Among other advantages, the availability to form homogenously diffused layers, the possibility of forming selective structures in any desired pattern are some of the most attractive points of using screen-printing technique dopant diffusion.
Diffusion process equipment
Both for solar cell manufacturing in industry or research and development of dopant diffusion process are mainly performed by using quartz tube or belt furnaces. A brief introduction of each equipment and technique will be given.
Diffusion in quartz tube
For diffusion process in quartz tube, wafers are set to a loading boat and are placed in the quartz tube. Diffusion process takes place according to the settled thermal cycle profile. The scheme of the quartz tube and heating system is given in Figure 20 . The ambient inside the tube can be varied by changing the gas introduced into the tube from the end-side of the tube. Diffusion by solid sources of for POCl 3 and BBr 3 bubbled by N 2 needs to be carried out by such a tube. For other deposition techniques including screen-printing, spin-on, or spray deposition, it is possible to diffuse wafers from a single side or both sides. Depending on the type of quartz tube, gas ambient inside the tube can be controlled by introducing more than one gas separately.
Diffusion in belt furnace
Diffusion by a belt furnace offers a fast ramp-up and cool-down processes usually by infrared heating systems which can shorten the total process time significantly. These kinds of systems usually have a couple of separated heating zones. The control of the diffusion profile is usually carried out by setting different temperatures for each zone and by the speed of the belt. Also, gases can be introduced through the openings to change the ambient. Single or double side diffusion is both possible for belt furnace diffusion. For single-side diffusion, SOD method, spraying, or screen-printing technique are usually used. The most important drawback of belt furnace diffusion is the contamination by metallic impurities due to the conveyer belt. were used for the quality evaluation experiments of the screen-printing phosphorus diffusion using Aquanyl phosphorus source provided by Nippon Gohsei Co. For the texturing of mc-Si p-type wafers, HF: HNO 3 (1:10 vl%) was used. CZ-Si p-type wafers were alkaline textured in KOH bath at 80°C. After printing the phosphorus paste on both side of the wafers by a screen-printing machine, wafers were dried at 150°C for 3 min. Diffusion process was carried out in a conventional quartz tube furnace in various ambients (Ar, N 2 , O 2 , and N 2 +5% O 2 ) at peak temperatures of 875 and 900°C. For the sheet resistance evaluation, phosphorus silica glass was removed first by 5% HF and sheet resistances were measured by four-point-probe method. In case of lifetime studies, n + /p/n + symmetric structures were formed on mc-and CZ p-type wafers and the effect of impurity gettering was evaluated after phosphorus diffusion. In order to estimate the carrier lifetime of the bulk, n+ layers were etched away using HF:HNO 3 (1:10 vl%) and minority carrier lifetimes were measured using the QSSPC [31, 32] technique after 3% iodine-ethanol chemical passivation.
Impact on sheet resistance
Diffused layers are basically characterized by sheet resistance, R sheet , which is the ratio of resistivity, ρ, to thickness of the sample, d, R sheet = ρ / d. In this study, ambient gas, diffusion temperature and the diffusion time are important parameters that affect the value of sheet resistance after diffusion. In order to minimize front recombination losses high sheet resistances are advantageous for n + emitter crystalline silicon solar cells. However, high sheet resistances limit to obtain a good Ω contact for metallization. On the other hand, these recombination losses can be reduced by lowering the phosphorus concentration which can lead an enhancement of blue response and thus the efficiency of solar cells. Figure 21 shows the effect of the sheet resistance of emitter on internal quantum efficiency (IQE) in short wavelength range simulated by PC-1D. As can be seen, the higher the sheet resistance emitter, the better the blue response. High-efficiency devices using lithography or any advanced metallization contact technology can use high sheet resistance emitter potential. In case of POCl 3 diffusion, the control of sheet resistance is managed by temperature profile and diffusion ambient [33] . In this work, screen-printing phosphorus diffusion was carried out at peak temperature of 875 and 900°C in different ambients. Figure 22 shows the average sheet resistances of phosphorus-diffused mc-and CZ-Si p-type wafers for each diffusion condition. For the mc-and CZ-Si p-type wafers sheet resistances of phosphorus diffused at 875°C in Ar, N 2 , and N 2 + 5% O 2 ambient resulted in a range of from 80 to 90 and from 60 to 70 Ω sq −1 , respectively. At the peak diffusion temperature of 900°C, the range of sheet resistances were from 40 to 50 and from 30 to 40 Ω sq −1 , for mc and CZ-Si wafers, respectively.
Higher sheet resistances were observed at both 875 and 900°C in ambient O 2 for both types of wafers. The phenomenon of diffusion of screen-printed phosphorus into the silicon wafers can be explained by the reduction reaction of P 2 O 5 with silicon as in Eq. (3). Surface of the silicon oxidies are faster with the existence of O 2 ambient. Due to the heavy O 2 flow during the diffusion may cause reoxidation of phosphorus atoms. Thus, limits the amount of phosphorus atoms to be diffused which results high sheet resistance [30] . As a conclusion of that, 100% O 2 ambient may not be suitable for quality emitter formation. These results shows that proper emitter sheet resistances can be controlled by adjusting the diffusion temperature, diffusion time, and ambient gas in a similar manner as in the POCl 3 diffusion process when adapting a proper screen-printing dopant paste. 
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Impact on carrier lifetime improvement
Metallic impurities have a lifetime killing effect for crystalline silicon solar cells, which becomes more crucial especially when using low solar grade silicon to grow mc-Si ingots. Especially top and bottom of the ingots contains high concentrations of metal impurities [34] , which requires additional gettering before or during solar cell processing [35] . It is well known that the detrimental effect of these impurities can be reduced by can be reduced by phosphorus gettering [36, 37] . Owing to the phosphorus gettering, bulk lifetime of the silicon wafers can be improved by removing the impurities. In this work, n + /p/n + symmetric structure of mc-and CZ-Si p-type wafers were formed by phosphorus diffusion in order to examine the effect of phosphorus gettering for our screen-printing diffusion process via estimation of bulk lifetimes. As a reference, initial lifetimes of the wafers were measured prior to phosphorus diffusion after removing the saw damages by acidic etching and then by using chemical passivation with a 3% iodine-ethanol solution for the measurement. These initial lifetimes were compared by post diffusion lifetimes after removing n + layers by acidic etching and passivating the bulk by the 3% iodine-ethanol chemical passivation as that used for the initial lifetime measurements. Figure 23 (a) and (b) shows the average carrier lifetime dependence of CZ and mc-Si p-type wafers to the ambient gas and diffusion temperature. After diffusion in ambient N 2 , N 2 +5%O 2 , and Ar, improvement of carrier lifetimes were observed for both type of wafers. After diffusion at 900°C in ambient N 2 , carrier lifetimes of CZ-Si p-type wafers reaches up to 350 μs from initial value of 200 μs [30] .
The carrier lifetimes of mc-Si p-type wafers increased to up to 70 μs, about a tenfold increase from the initial carrier lifetime, as given in Figure 23 (b) . Considering that all wafers went through the same procedures before and after the diffusion processes, carrier lifetime improvements can be attributed to the gettering effect. The effect of oxygen on carrier lifetime was clearer for mc-Si wafers that show a good gettering effect even for shallow emitters.
The excess carrier dependent lifetimes for the CZ and mc-Si wafers improved and higher carrier lifetimes were realized at low-injection levels after phosphorus diffusion as shown in 
Selectively screen-printing and single diffusion process
A lowly doped shallow emitter is required for a good blue response and a high quantum yield [39, 40] . However, a highly doped deep emitter is required for a good Ω contact for metallization. A selective emitter structure is an optimum tradeoff to combine these both emitter conditions with highly doped low sheet resistance regions under the printed contact fingers and lowly doped high sheet resistance regions between the fingers [41] . By the advantage of that, selective structures lower the surface recombination velocity of minority carriers [42] , and leads to reduced contact series resistances as well [43, 44] . Additionally, blue response of solar cells can be improved [45, 46] , high open circuit voltage and fill factor [47] can be achieved owing to the selective emitter structures. There are various techniques and applications to form selective emitter structures [48] . Double-diffusion with masking [49, 50] , selective diffusion barrier process [51] , oxide masking process and etch back [45, 52] , implantation process [53] are among these techniques. Depending on the technique, need of laser ablation, additional steps like masking, repeated diffusions, etch back processes are among the drawbacks of such techniques. A screen-printable ink based on Si-nanoparticles was also provided which are selectively deposited prior to phosphorus diffusion to form heavily doped areas of the selective emitter structure [54] . This technology is already commercially available and includes an extra step of diffusion process for mass production. For instance, in laser doping through PSG [55] , a light POCl 3 diffusion is performed first and resulted PSG acts as a doping source and highly doped regions are formed by laser ablation. Another laser-based process [47] offers a formation of the passivation layer simultaneously with structuring a highly doped region by a laser beam processing. There can be find some other processes for selective emitter solar cells mostly at research levels [56] [57] [58] [59] . On the other hand, as a simple process for the formation of selective structures with single diffusion [60] , based on the auto-diffusion mechanism, highly and lowly doped regions are formed at a single diffusion step. In this work, a single diffusion screenprintable diffusion technique is discussed as a simple and cost-effective method for industrial selective emitter cell processing. Applicability of forming selectively diffused structures using screen-printing phosphorus paste on p-type mc-Si and CZ-Si wafers will be explained.
Sample preparation and experimental
A total of 50 × 50 mm 2 alkaline-textured CZ-and acid-textured mc-Si p-type wafers were used for the characterization. Phosphorus diffusion paste was selectively screen-printed on the surface of the wafers using a 200 μm finger pattern and dried for 3 min at 150°C. Phosphorus diffusion was performed in a conventional furnace for 30 min at a peak temperature of 875°C in N 2 +5%O 2 ambient. After phosphorus diffusion, PSG glass and oxide layers were removed by 5% HF and the selective emitter sheet resistance was determined using the specially optimized four-point-probe machine to estimate the sheet resistance of the selective emitter structures. Since phosphorus dopant paste was screen-printed selectively on CZ-and mc-Si p-type wafers with the same pattern as metal contacts, beneath the screen-printed phosphorus lines, the silicon wafer was doped heavily. The regions between the lines were doped lightly by doping atoms diffusion from the printed source via the gas atmosphere. Figure 25 shows the principle of single screen-printing phosphorus diffusion to form the selective emitter structure.
Sheet resistances of selective emitter structure
In order to confirm that this simple process ability to form selective emitter structures, sheet resistances of CZ, and mc-Si p-type wafers were measured after diffusion of selectively printed phosphorus source. To examine the pattern of the formed selective emitter, a line scan was performed by four-point-probe measurements. The distribution of measured sheet resistance after the phosphorus diffusion for 30 min at 875°C in N 2 +5%O 2 ambient on selectively screen-printed CZ-Si p-type substrates is shown in Figure 26 .
Lower sheet resistance under the printed fingers and higher sheet resistance between the fingers can be confirmed. It should be noted that the accurate values of sheet resistances of the structure may differ from these measured values due to tight geometry of the selective emitter structure which can affect the measurement. However, highly diffused regions beneath the printed area and shallow regions between the printed areas can still be confirmed after the single screen-printed phosphorus diffusion process. One can conclude selective emitter structure can Figure 25 . Principle of selective emitter formation process by single screen-printed phosphorus diffusion [30] .
New Research on Silicon -Structure, Properties, Technologybe achieved with a single diffusion of a screen-printing phosphorus diffusion paste taking the advantage of auto-diffusion. Shallow regions under the illuminated area make it possible to have a better current collection properties and a low dark saturation current can be achieved by proper passivation applications [61, 62] . In order to confirm the diffusion profile of selectively screenprinted phosphorus, secondary ion mass spectrometry (SIMS) analysis was performed [30] . which shows the effect of auto-diffusion to achieve selective emitter structure. The actual sheet resistances were calculated using the SIMS data and estimated as 15 and 45 Ω sq −1 , under and between the fingers, respectively.
The sheet resistances base on the SIMS profile were calculated as follows; in order to calculate the carrier mobility first, μ max and μ min were set to 1414 and 68.5 cm and absorption coefficient α is set as 0.711 and N is the actual concentration taken from the SIMS measurement. Mobility of carriers was calculated according to Eq. (4).
After determination of the carrier mobility, resistivity was calculated using Eq. (5). Figure 26 . The distribution of measured sheet resistance after the phosphorus diffusion on selectively screen-printed CZ-Si p-type wafer [30] .
Sheet resistance was calculated per each layer according to the following Eq. (6) .
Finally, total sheet resistance was calculated as the sum of inverse values of the sheet resistances per layer, as defined in Eq. (7).
7. Single diffusion selective emitter solar cell fabrication
Sample preparations and experimental
Industrial-type selective emitter monocrystalline silicon solar cells with area of 156 × 156 mm 2 were fabricated by the single screen-printed diffusion process and compared to the homogenous emitter solar cells fabricated with standard POCl 3 diffusion. The process sequence used in this experiment is shown in Figure 28 (a) .
The screen-printing patterns of the printed dopant paste and the metal fingers as in Figure 28 (b) were similar in shape. However, the width of the fingers of printed paste was wider than the width of the metal finger to ensure the alignment. In case of the fabricated solar cells, the width of the phosphorus printed fingers were 400 μm where the finger width of the metal contacts was 70 μm. Figure 29 shows the SIMS profiles of the selective structure formed on a CZ-Si p-type by single phosphorus diffusion at optimized conditions for the cell fabrication process at 870°C for 10 min in ambient N 2 +5%O 2 . However, note that the SIMS analyses of carbon, oxygen, and phosphorus concentrations were measured in cycles 10 nm, where the first 20 nm were used Figure 27 . SIMS profile of highly doped regions under the fingers and lowly auto-doped regions between the fingers diffused at 875°C for 30 min [30] .
for the carbon and oxygen analyses and the phosphorus was measured starting from the 30 nm cycle. Therefore, the data of the first 20 nm depth was not obtained, and the actual surface concentrations are higher than the maximum values shown in Figure 29. The improvements in V oc and FF by the selective emitter structure were confirmed. As shown in Table 6 , the V oc of the selective emitter cells was clearly improved by about 7 mV. The FF of selective emitter solar cells all exceeded 79%, which is an average increase of 1-2% compared to the homogenous emitter solar cells. However, no clear improvement in the short-circuit current was observed. The short-circuit currents seem to have been limited by the higher carrier recombination velocity due to the larger finger widths of the phosphorus-dopant paste and/ or lower surface passivation effects. If surface passivation can be further improved, higher FF and V oc can be also realized owing to the reduced defects and carrier recombination in the emitter region [63] . Thinner finger widths of phosphorus dopant paste can be consıdered to enhance current collection on the surface. Homog.
Fabricated homogenous and selective emitter solar cells
emit.
Avg Figure 30 . I-V curve comparison of the best homogenous emitter and selective emitter solar cells [30] .
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Conclusion
Non-vacuum processing techniques for cost-effective and simple crystalline silicon solar cell manufacturing were introduced. A special attention was given to the low-cost spin coating and spray deposited ARC alternatives instead of the main stream SiN x ARC and to the lowcost screen-printing phosphorus doping process with the application of selective emitter solar cells accomplished by a single deposition and single diffusion step. About the introduced materials and films, first evaluation of the material and processes were carried out and then silicon solar cells were fabricated. ZrO 2 -polymer composite/surface-deactivated TiO 2 -polymer composite films were introduced by spin coating deposition method and best efficiency of 12.91% was achieved with Jsc of 31.42 mA cm −2 , V oc of 575 mV, and fill factor (FF) of 71.5%. An improvement of 0.86% with an increase of Jsc of 2.07 mA cm −2 was confirmed when compared to those of fabricated cells without the ARC. TiO 2 -compact and ZrO 2 -polymer composite antireflection coating layers were also introduced by simple and cost-effective spray pyrolysis deposition and spin coating process. Decrease in surface reflectance below 2% was confirmed owing to the ZrO 2 -polymer composite/TiO 2 -compact multilayers from around 550 -1050 nm of the spectrum. Efficiency of the fabricated cells increased up by a factor of 0.8% and reaches 15.9% with further increase of Jsc 2 mA cm −2 owing to the applied ZrO 2 -polymer composite/TiO 2 -compact multilayer ARC. In case of spray pyrolysis deposition-based Al 2 O 3 / TiO 2 double-layer ARC, a reflectivity lower than 0.4% could be confirmed at 600 nm. Average conversion efficiency of fabricated cells (average of four samples) were 15.5% with a J SC of 37.0 mA cm −2 , where the improvement was about 3.5 mA cm −2 and 1.7% on J SC and on efficiency, respectively. Considering the future lowcost solar cells with non-vacuum process, introduced ARC films with good optical properties can be a promising alternative for ARC of solar cells. On the other hand, a cost effective screen-printing phosphorus diffusion process was introduced for an easy forming of selective emitter solar cells. Owing to the phosphorus diffusion carrier lifetimes of CZ-Si p-type wafers could be improved from 195 up to 350 μs through phosphorus gettering. By a single print and single diffusion process lowly and highly doped regions were achieved for selective emitter solar cell applications. Large-area monocrystalline solar cells were fabricated successfully by this method and more than 18% conversion efficiency was achieved. As an attractive and cost effective method, adapting such simple methods including spin coating, spray deposition, or screen-printing methods to all solar cell manufacturing sequences are believed to be play a key role for future low-cost solar cells.
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